Vascular cognitive impairment is an umbrella term for cognitive dysfunction associated with and presumed to be caused by vascular brain damage. Autopsy studies have identified microinfarcts as an important neuropathological correlate of vascular cognitive impairment that escapes detection by conventional magnetic resonance imaging (MRI). As a frame of reference for future highresolution MRI studies, we systematically reviewed the literature on neuropathological studies on cerebral microinfarcts in the context of vascular disease, vascular risk factors, cognitive decline and dementia. We identified 32 original patient studies involving 10,515 people. The overall picture is that microinfarcts are common, particularly in patients with vascular dementia (weighted average 62%), Alzheimer's disease (43%), and demented patients with both Alzheimer-type and cerebrovascular pathology (33%) compared with nondemented older individuals (24%). In many patients, multiple microinfarcts were detected. Microinfarcts are described as minute foci with neuronal loss, gliosis, pallor, or more cystic lesions. They are found in all brain regions, possibly more so in the cerebral cortex, particularly in watershed areas. Reported sizes vary from 50 lm to a few mm, which is within the detection limit of current high-resolution MRI. Detection of these lesions in vivo would have a high potential for future pathophysiological studies in vascular cognitive impairment.
Introduction
Cerebrovascular disease is a common cause of cognitive decline and dementia. Cognitive decline associated with and presumed to be caused by cerebrovascular disease is referred to as vascular cognitive impairment (O'Brien et al, 2003) . Vascular cognitive impairment is thus an umbrella term for various clinical syndromes (e.g., vascular dementia (VaD), poststroke dementia) and dementia associated with vascular risk factors. It comprises heterogenic pathological processes that affect both the brain vessels and parenchyma. Damage to brain parenchyma is visible on brain magnetic resonance imaging (MRI) as lacunar and nonlacunar infarcts, macrohemorrhages and microhemorrhages and white matter hyperintensities (Pantoni, 2010) .
Recent brain autopsy studies showed that microinfarcts are another type of vascular brain damage that is related to impaired cognition, also in patients with a clinical diagnosis of Alzheimer's disease (AD) without apparent macroscopic vascular pathology (White et al, 2002; Kalaria et al, 2004; Kövari et al, 2007) . Because of their limited size, microinfarcts go undetected on conventional MRI. However, with the introduction of ultra-high field strength clinical MR scanners, which offer a higher spatial resolution, it may be possible to detect them in vivo. In light of these new developments, it is important to collect the data that are already available on microinfarcts from neuropathological studies, to form a frame of reference for future MRI studies. The aim of this paper was to systematically review the literature on neuropathological studies on microinfarcts as a marker of brain injury related to vascular diseases, vascular risk factors, and cognitive impairment.
Materials and methods

Literature Search Strategy
Studies were identified by a systematic search of MEDLINE and EMBASE (1966 to 11 July 2011) . In brief, we used the search term 'microinfarct' and synonyms, for example, microinfarction, microischemia, microvascular infarct, and microvascular ischemia (for search string see Supplementary Table 1 ). Because we expected a limited number of relevant studies, we used a broad array of search terms in full and truncated form to identify all available papers. The bibliographies of relevant original and review articles were screened. Relevant studies were then selected by screening of title and abstract against predefined inclusion and exclusion criteria. Inclusion criteria were (1) original patient studies (no reviews) concerning cerebral microinfarcts, either in the general population or related to vascular brain damage (e.g., stroke, small vessel disease), vascular risk factors (hypertension, diabetes mellitus), or cognitive impairment or dementia; (2) the characteristics, frequency, or distribution of microinfarcts had to be described in the study. No restriction on design or pathological assessment method was made. Case reports, narrative reviews, letters, animal studies, and articles in languages other than English were excluded. Moreover, studies regarding autoimmune brain diseases (e.g., systemic lupus erythematosus, vasculitis) or acute encephalopathy (e.g., hypertensive or postanoxic encephalopathy) were excluded. Studies that did not distinguish between microinfarcts and lacunar infarcts (i.e., studies that combined all small infarcts < 1.5 cm in their reports) were also excluded.
Data Extraction
The following data were extracted from included papers:
(1) Study design: pro/retrospective cohort, populationbased or hospital-based; (2) Diagnosis of the examined group and sample size per diagnosis; (3) Diagnostic procedure: primarily on clinical criteria, primarily on neuropathological criteria, or on both; (4) Demographics: mean age at death and gender; and (5) Pathological assessment method: sampling sites and slice thickness (see Supplementary Table 2 ), staining methods, and immunohistochemistry. To facilitate interpretation of data presented in tables, data are grouped according to the following diagnoses: reference groups, AD, VaD, cerebrovascular disease, and mixed dementia groups. Within these groups, the frequency, size, characteristics, and distribution of microinfarcts and the number of microinfarcts per patient were listed (Table 2) .
Results
The literature search of MEDLINE and EMBASE yielded 571 articles. Of these, 516 articles were excluded for the following reasons: reports on microinfarcts in other organs than the brain (n = 276), reports on conditions other than chronic cerebrovascular disease, for example, acute encephalopathy, infection, or epilepsy (n = 119), animal studies (n = 45), narrative reviews (n = 33), case reports (n = 27), letters/comments (n = 5), or language other than English (n = 11). Eight more articles were included after screening the reference lists of the included articles. The majority of these were not identified by the original search because cerebral vascular injury was described in more general terms in title and abstract.
Thirty-nine articles met the inclusion criteria. One paper concerned three different cohorts (Longstreth et al, 2009 ), from which we only used the data of the National Alzheimer's Coordinating Center. For the other two cohorts in that paper (i.e., the ACT (Adult Changes in Thought) Study and the HAAS (Honolulu Asia Aging Study)), data were extracted from the original published articles (White et al, 2002; White, 2009; Wang et al, 2009) . When more than one paper reported on the same population (Sonnen et al, 2007 (Sonnen et al, , 2009a (Sonnen et al, , 2010 Wang et al, 2009; Gold et al, 1997 Gold et al, , 2002 Gold et al, , 2005 Gold et al, , 2007 Kö vari et al, 2004 Kö vari et al, , 2007 Santos et al, 2010; Sinka et al, 2010) , the paper with the largest population sample and the most detailed information on microinfarcts was included. There were two exceptions. Two out of four papers concerning the ACT cohort (Sonnen et al, 2007 (Sonnen et al, , 2009a (Sonnen et al, , 2010 Wang et al, 2009) were included, because they described different samples from this cohort (Wang et al, 2009; Sonnen et al, 2007) . Three out of eight papers concerning a cohort of autopsied patients at the Geriatric and Psychiatric Hospitals of the University of Geneva were included (Kö vari et al, 2004 (Kö vari et al, , 2007 Gold et al, 2002 Gold et al, , 1997 Gold et al, , 2005 Gold et al, , 2007 Santos et al, 2010; Sinka et al, 2010) . The paper by Gold et al (2007) described the largest sample. Two additional papers (Kö vari et al, 2007; Sinka et al, 2010) were also included because they provided relevant detailed information on subsamples of this cohort (AD Braak stage III and dementia, respectively). Hence, a total of 32 articles were included ( Figure 1 ).
The design of these studies and the population characteristics are summarized in Table 1 ; data on the frequency, size, and characteristics of microinfarcts are summarized in Tables 2 and 3 .
Characteristics of the Included Studies
Most studies had a retrospective design (some of a prospectively selected cohort); only four studies were prospective (Lee et al, 2000; White et al, 2002; White, 2009; Arvanitakis et al, 2011) . The greater part (63%) concerned hospital-based cohorts, mostly patients admitted to geriatric hospitals or dementia clinics. Twelve studies (41%) described a population-based cohort (Arvanitakis et al, 2011; Ballard et al, 2000; Rossi et al, 2004; Brayne et al, 2009;  Review on cerebral microinfarcts M Brundel et al Xuereb et al, 2000; White et al, 2002; Sonnen et al, 2007; Schneider et al, 2007a, b; Strozyk et al, 2010; Troncoso et al, 2008; White, 2009; Wang et al, 2009 ), mostly of elderly, that is, the ACT Study (Sonnen et al, 2007; Wang et al, 2009) or the Baltimore Longitudinal Study on Aging (Troncoso et al, 2008) . Two of these population-based studies involved specific groups of individuals: that is, only men (HAAS) (White et al, 2002; White, 2009) or people from religious orders (Religious Orders Study (Arvanitakis et al, 2011)) ( Table 1 ). The majority of patient studies concerned patients with dementia (AD (n = 8), VaD (n = 5), Lewy Body Dementia (n = 3), or different types of dementia mixed (n = 5)), with or without a nondemented reference group. Six studies reported on a combination of people with and without dementia described as a single group. Two studies assessed patients with stroke (Esiri et al, 1997; Santos et al, 2009 ), one study elderly without describing their cognitive status (Longstreth et al, 2009) . Three papers concerned patients with cerebral amyloid angiopathy (CAA) (Olichney et al, 1997; Soontornniyomkij et al, 2010; De Reuck et al, 2011a) .
Thirteen studies (41%) diagnosed the patients primarily on neuropathological criteria (Esiri et al, 1997; Olichney et al, 1997; Suter et al, 2002; Rossi et al, 2004; Del Ser et al, 2005; Yip et al, 2005; Haglund et al, 2006; Isojima et al, 2006; Kö vari et al, 2007; Longstreth et al, 2009; Okamoto et al, 2009; De Reuck et al, 2011a, b) . The most commonly used neuropathological criteria for AD were the Consortium to Establish a Registry for Alzheimer's Disease (CERAD) (Mirra et al, 1991) and the Braak criteria (Braak and Braak, 1991) . Fifteen studies (41%) primarily classified the patients on clinical criteria (Erkinjuntti et al, 1988; Vinters et al, 2000; Xuereb et al, 2000; White et al, 2002; Gold et al, 2007; Sonnen et al, 2007; Schneider et al, 2007a, b; Strozyk et al, 2010; Troncoso et al, 2008; White, 2009; Wang et al, 2009; Brayne et al, 2009; Ghebremedhin et al, 2010; Sinka et al, 2010; Arvanitakis et al, 2011) . The Diagnostic and Statistical Manual of Mental Disorders (American Psychiatric Association, 2000) was used most frequently, followed by the Cognitive Assessment Screening Instrument (Teng et al, 1994) . Four studies based their diagnosis on a combination of neuropathology (cerebrovascular disease, AD, stroke, CAA) and clinical examination (dementia, depression) (Lee et al, 2000; Ballard et al, 2000; Santos et al, 2009; Soontornniyomkij et al, 2010) ( Table 1 ).
The number of included patients varied per study between 14 and 6,189, with a mean of 332 and a median of 99 patients. Different definitions of age were used. Age at death was most often used, which varied between a mean of 69 and 95 years of age. One paper reported age at onset of dementia (Ballard et al, 2000) , another the age at which stroke occurred (Santos et al, 2009) (Table 1) .
Pathological Assessment Method
The areas of the brain that were sampled varied across papers. Eleven studies (34%) investigated only one hemisphere (Erkinjuntti et al, 1988; Xuereb et al, 2000; Lee et al, 2000; Rossi et al, 2004; Isojima et al, 2006; Strozyk et al, 2010; Troncoso et al, 2008; Brayne et al, 2009; Arvanitakis et al, 2011; De Reuck et al, 2011a, b) , while 13 studies (41%) assessed both hemispheres (Ballard et al, 2000; Esiri et al, 1997; White et al, 2002; Del Ser et al, 2005; Haglund et al, 2006; Gold et al, 2007; Kö vari et al, 2007; Schneider et al, 2007a, b; Wang et al, 2009; Santos et al, 2009; Soontornniyomkij et al, 2010; Sinka et al, 2010; White, 2009 ). The remainder (25%) did not specify which hemispheres were investigated (Olichney et al, 1997; Vinters et al, 2000; Suter et al, 2002; Yip et al, 2005; Sonnen et al, 2007; Longstreth et al, 2009; Okamoto et al, 2009; Ghebremedhin et al, 2010) . 
Review on cerebral microinfarcts
Twenty papers (69%) specified a sampling protocol that covered the major parts of the brain, including the frontal, temporal, parietal and occipital lobes, deep white and gray matter, brainstem, and sometimes also the cerebellum (Erkinjuntti et al, 1988; Esiri et al, 1997; Lee et al, 2000; Ballard et al, 2000; Isojima et al, 2006; Brayne et al, 2009; Ghebremedhin et al, 2010; Rossi et al, 2004; Schneider et al, 2007a, b; Vinters et al, 2000; Xuereb et al, 2000; White et al, 2002; Yip et al, 2005; Del Ser et al, 2005; Sonnen et al, 2007; Strozyk et al, 2010; Troncoso et al, 2008; White, 2009; Wang et al, 2009; Soontornniyomkij et al, 2010) . The remaining studies had a more limited brain coverage, that is, only the four lobes (Okamoto et al, 2009) or the temporal, parietal and frontal lobes combined with deep gray matter (Olichney et al, 1997; Gold et al, 2007; Kö vari et al, 2007; Santos et al, 2009 ). One study focused on the watershed areas (Suter et al, 2002) , another study only on one midtemporal, and one midparietal section (Haglund et al, 2006 ) (see Supplementary  Table 2) .
A brain slice thickness for macroscopic examination of 10 mm was most common (14 studies, 44%). One study used a brain slice thickness of 5 mm (Vinters et al, 2000) . The brain slice thickness was not specified in 17 papers (53%). The thickness of microscopic slices was 6 mm in three studies, 7 or 8 mm in one study each, 10 and 20 mm in four studies each, and it was not specified in 19 studies (59%) (see Supplementary Table 2 ).
Three studies reported to have used immunohistochemistry to visualize astrocytes, microglia, and macrophages, that is, with primary antibodies to glial fibrillary acidic protein (Vinters et al, 2000; Okamoto et al, 2009) or to Cluster of Differentiation 68 (CD-68) (Okamoto et al, 2009; Soontornniyomkij et al, 2010) .
Histological Characteristics of Microinfarcts
The description of the appearance of microinfarcts varied between the studies from slit-like, triangular, round, barrel-shaped, stellate, granular to wedgeshaped forms. Frequently used terms were foci with neuronal loss (five studies), gliosis (10 studies), cystic lesions (eight studies), or foci with pallor (two studies) (Tables 2 and 3; Figure 2 ).
Six studies described features of an inflammatory response, namely activated macrophages (Erkinjuntti et al, 1988; Haglund et al, 2006; Schneider et al, 2007a, b; Okamoto et al, 2009; Soontornniyomkij et al, 2010) , microglial activation (Haglund et al, 2006) , and histiocytosis (Vinters et al, 2000) . Two papers reported to have used immunohistochemistry to define this inflammatory response. Okamoto et al (2009) Studies are listed in alphabetical order. X denotes unknown/not-specified. Review on cerebral microinfarcts M Brundel et al macrophage-infiltrated tissue destruction to be old microinfarcts. A few studies only included temporally remote microinfarcts, which they described as cystic or gliotic lesions and foci of pallor (White et al, 2002; Sonnen et al, 2007; White, 2009) . Four papers only focused on cortical microinfarcts, which some of them described as widespread multiple tiny infarcts (Lee et al, 2000; Longstreth et al, 2009; Santos et al, 2009; Sinka et al, 2010) .
A substantial number of studies (50%) did not specify the term 'microinfarct,' other than naming them 'ischemic lesions.'
Overall, it seems to be that there is no universally accepted histological definition of microinfarcts in neuropathological studies, but that lesions can vary in shape and can appear both cystic or as more gliotic, pale lesions. In the acute stage there can be an inflammatory response.
Size of Microinfarcts
Fourteen papers (44%) defined the size of microinfarcts as 'not visible with the naked eye' or 'only visible upon light microscopy' (Erkinjuntti et al, (Tables 2 and 3) .
Distribution of Microinfarcts
The compiled data of the included studies indicate that microinfarcts can occur throughout the brain, in Several papers (34%) allowed comparison of lesion occurrence between the cortex and subcortical areas. Some of these studies showed microinfarcts in all cortical and subcortical regions, which were assessed (Ballard et al, 2000; White et al, 2002) , or described them more globally in gray and white matter (Vinters et al, 2000; Soontornniyomkij et al, 2010; Troncoso et al, 2008; Wang et al, 2009 ). Only two studies specifically mentioned that there was no difference in appearance of microinfarcts between the cortex and subcortical regions (Ballard et al, 2000; Soontornniyomkij et al, 2010) , while one study described them to be more common in the subcortical areas (Arvanitakis et al, 2011) . However, most of these studies did not describe if microinfarcts preferentially occurred in cortical or subcortical regions. Regarding specific brain areas, two studies described them to appear most commonly in the parietal and occipital regions (Okamoto et al, 2009; Soontornniyomkij et al, 2010) . Two studies found microinfarcts only in the watershed areas (Suter et al, 2002; Strozyk et al, 2010) , others only in the cortical gray matter (Olichney et al, 1997; Lee et al, 2000) . White et al (2002) found cortical microinfarcts mostly located toward the base of the gray matter, while Okamoto et al (2009) described them mostly in the superficial layers of the cortex.
Taken together, these results indicate that microinfarcts can appear in all brain areas. Most studies did not specifically compare lesion occurrence in different brain regions. Some found them to be more abundant in the watershed areas or cerebral cortex.
Frequency
Frequencies of cerebral microinfarcts are described in Tables 2 and 3 . Twelve studies included nondemented people, totaling 1,229 individuals (Vinters et al, 2000; Xuereb et al, 2000; Suter et al, 2002; Schneider et al, 2007a, b; Sonnen et al, 2007; Brayne et al, 2009; Wang et al, 2009; White, 2009; Ghebremedhin et al, 2010; Sinka et al, 2010; Arvanitakis et al, 2011; De Reuck et al, 2011a) . The frequency of microinfarcts ranged from 3% to 43% (weighted average 24%).
Eight studies concerned patients with AD (Erkinjuntti et al, 1988; Suter et al, 2002; Yip et al, 2005; Isojima et al, 2006; Kö vari et al, 2007; Brayne et al, 2009; Okamoto et al, 2009; De Reuck et al, 2011b) , with a total sample size of 409 patients (range 5 to 105). Microinfarcts were detected in 20% to 100% of the patients, with a weighted average of 43%. One study on patients with AD only described microinfarcts to be 'rare' (Yip et al, 2005) .
In five studies on VaD, with a total sample size of 87 (range 4 to 27), the frequency of microinfarcts ranged from 16.7% to 100%, with a weighted average of 62% (Erkinjuntti et al, 1988; Esiri et al, 1997; Haglund et al, 2006; Brayne et al, 2009; Okamoto et al, 2009) .
Six articles investigated pooled populations of patients with AD and VaD or cerebrovascular disease. In five of these papers, the frequency could be extracted. The summed sample size was 553, and the weighted frequency was 33% (Olichney et al, 1997; Lee et al, 2000; Ballard et al, 2000; Del Ser et al, 2005; Brayne et al, 2009; De Reuck et al, 2011a) .
One study reported that microinfarcts were detected in 27 (56%) of 47 patients with mild cognitive impairment (Sonnen et al, 2007) . The frequency of microinfarcts was relatively high in patients with mild cognitive impairment compared with the other diagnostic groups, but this estimate was only based on a small number of patients.
Three studies examined patient groups with vascular brain disease. Esiri et al (1997) identified microinfarcts in 26% of the cases with neuropathological determined cerebrovascular disease, Soontornniyomkij et al (2010) in 78% of the demented patients with severe and in 33% of the patients with mild or absent amyloid angiopathy. Finally, Santos et al (2009) identified similar prevalences in patients with and without poststroke depression (left hemisphere 35% to 24% and right hemisphere 55% to 52%).
The frequency in mixed populations of patients with and without dementia ranged from 16% to 42% (weighted average 20%) (White et al, 2002; Rossi et al, 2004; Gold et al, 2007; Strozyk et al, 2010; Troncoso et al, 2008; Longstreth et al, 2009) .
One study observed that the mean age was significantly higher in those with microinfarcts (Longstreth et al, 2009). Overall, the mean age at death of the different study populations was quite homogeneous. Therefore, based on our survey, no definite conclusions can be drawn on the relation between age and microinfarct occurrence. The extensiveness of pathological assessment (i.e., the amount of examined brain regions and slice thickness) seemed to have no influence on the frequency, though it was difficult to compare the studies and frequencies because of the variety of assessment methods and study populations.
Overall, the frequency of microinfarcts varied across studies, but microinfarcts are particularly common in patients with other types of cerebrovascular brain damage and/or dementia.
Number of Microinfarcts per Patient
The majority of studies (72%) did not specify lesion numbers per individual patient. Haglund et al (2006) mentioned a maximum of 15 microinfarcts detected in one patient (only one midtemporal and one midparietal coronal section were examined). Arvanitakis et al (2011) reported a mean number of microinfarcts of 1.6±0.9, 62% of the 129 persons had a single microinfarct, and 38% had multiple microinfarcts.
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Some studies used a semiquantitative scale, for example 0, 1 to 2, and > 2 microinfarcts (with corresponding prevalence that ranged from 6% with multiple microinfarcts in nondemented individuals to 31% in patients with dementia) (Sonnen et al, 2007) ; < 3; 3; Z4 in the basal ganglia and thalamus and < 3; 3 to 4; Z5 in the neocortex (81% of the patients had < 3 microinfarcts in both categories, 1% the highest category) (White et al, 2002) ; or 'multiple' (Vinters et al, 2000; Lee et al, 2000) . The remaining studies mentioned the number of microinfarcts per patient more precisely: 0 to 4 in patients with different types of dementia (Erkinjuntti et al, 1988) ; a mean of six microinfarcts (range 1 to 37) in 14 patients with severe CAA and 3 (range 1 to 6) in 7 patients with mild CAA (Soontornniyomkij et al, 2010) ; 1 to 4 per watershed zone area (Suter et al, 2002) .
In summary, in studies that mentioned the number of microinfarcts per patient, the majority of patients had multiple infarcts. Importantly, it should be noted that it is impossible to examine the whole brain neuropathologically and quite a number of studies investigated only limited sampling sites. Therefore, the actual number of microinfarcts per individual could be up to several hundred fold higher than has been described in these studies.
Clinical Correlates of Microinfarcts
Because papers examined different study populations, microinfarcts were reported to be associated with various conditions. Several studies reported microinfarcts to be associated with a clinical diagnosis of 'dementia' (Gold et al, 2007; Sonnen et al, 2007; Troncoso et al, 2008; Sinka et al, 2010; Arvanitakis et al, 2011) , neuropathologically confirmed AD (Suter et al, 2002; Isojima et al, 2006; Okamoto et al, 2009 ), a clinical diagnosis of VaD (Esiri et al, 1997; Brayne et al, 2009 ), or 'cognitive dysfunction' (White et al, 2002; Kö vari et al, 2007; White, 2009 ). However, others found no relationship between microinfarcts and dementia (Strozyk et al, 2010; Brayne et al, 2009) , AD pathology (Xuereb et al, 2000) , or pathologically determined VaD (Okamoto et al, 2009 ). There were no differences in sample size or pathological assessment method between papers that have or have not found an association with different forms of dementia. Overall, the group of investigated patients with VaD was small. The occurrence of cavitated microinfarcts in the basal ganglia in patients with AD may be modulated by APOE4 genotype (Yip et al, 2005) .
A number of studies found an association between microinfarcts and other cerebrovascular disease: lacunar infarcts (Vinters et al, 2000; Rossi et al, 2004) , small ( < 15 mL) macroscopic infarcts (Ballard et al, 2000) , macroinfarcts (Schneider et al, 2007a, b; Troncoso et al, 2008; Longstreth et al, 2009; Arvanitakis et al, 2011) , and leukoencephalopathy (Rossi et al, 2004; Longstreth et al, 2009 ). There may be an association between microinfarcts and CAA, but reported frequencies are not consistent (Olichney et al, 1997; Haglund et al, 2006; Soontornniyomkij et al, 2010; De Reuck et al, 2011a) .
Finally, a few studies described a relationship between microinfarcts and vascular risk factors (systolic blood pressure, diabetes mellitus, myocardial ischemia) (Wang et al, 2009; Longstreth et al, 2009; Sonnen et al, 2009b) .
Discussion
This systematic review includes 32 papers concerning neuropathological studies on cerebral microinfarcts in patients with cognitive dysfunction or cerebrovascular disease. Microinfarcts are described as gliotic or cystic lesions, sometimes with neuronal loss, and may occur in all brain regions, although the cerebral cortex may be a preferential location. Microinfarcts are commonly described in the elderly, particularly in patients with VaD, AD, and cerebrovascular disease. In the majority of cases, multiple microinfarcts are observed.
The studies described in this review differed in several aspects. Study populations did not only consist of groups of patients with different types of dementia, but also involved demented and nondemented people together and groups with different types of cerebrovascular disease. The frequency of microinfarcts seems to increase in patients with dementia (VaD as well as AD) and dementia combined with cerebrovascular disease compared with controls. However, because pathology studies cannot achieve full brain coverage, these numbers are unlikely to be precise estimates of the true prevalence of microinfarcts. For the same reason, it is difficult to draw conclusions on the number of microinfarcts per patient. In the papers that did report microinfarct numbers in their samples, the majority of patients had multiple microinfarcts. Therefore, the actual number for the whole brain could be up to hundreds or thousands. About half of the studies used a population-based cohort, the others a hospital-based cohort. In both types of cohorts, sampling bias is inevitable. A limitation of population-based studies is selection bias, due to a limited number of participants. In hospital-based studies, especially from tertiary reference centers, atypical types of dementia could be overrepresented. However, we have not found systematic differences in frequency of microinfarcts between these two types of cohorts.
Finally, we used a broad array of search terms to find as many neuropathological studies on cerebral microinfarcts as possible, and did not use inclusion/ exclusion criteria with respect to specific features or definitions of the microinfarcts. This is reflected in the large variability in the characteristics of microinfarcts reported in the different studies, such as size Review on cerebral microinfarcts M Brundel et al and appearance, but may also be a source of differences in microinfarct frequencies and numbers between studies. As such, this review demonstrates that there is an obvious need for standardization of neuropathological criteria for microinfarcts, to achieve better correspondence of findings from different laboratories in future studies.
The presence of microinfarcts was often correlated to small vessel disease represented by lacunar infarcts (Vinters et al, 2000; Rossi et al, 2004) and leukoencephalopathy on both neuropathological examination and brain computed tomography or MRI before death (Rossi et al, 2004; Longstreth et al, 2009 ). Furthermore, a few studies assessed patients with CAA and found an association with the occurrence of microinfarcts (Olichney et al, 1997; Soontornniyomkij et al, 2010; De Reuck et al, 2011a) . Others found cortical vessels in immediate proximity to microinfarcts often to be engorged with amyloid (Haglund et al, 2006) . Small vessel disease, as well as amyloid angiopathy, can cause marginal local brain perfusion (Pantoni, 2010) . Moreover, cortical microinfarcts may be more common in the watershed areas (Suter et al, 2002; Strozyk et al, 2010) . Therefore, microinfarcts could be related to intermittent focal ischemic episodes as a result of marginal brain perfusion. However, microinfarcts are also found in the brain regions supplied by large cerebral vessels and some studies found an association with macroscopic infarcts (Schneider et al, 2007a, b; Troncoso et al, 2008; Longstreth et al, 2009; Arvanitakis et al, 2011) . Therefore, some microinfarcts could also have an embolic origin, from ulcerated atherosclerotic plaques in large cerebral arteries. Nevertheless, at present the exact mechanisms underlying the occurrence of microinfarcts remain elusive.
Microinfarcts and other vascular damage of the cerebral parenchyma, with which they are associated, can result in lower cognitive performance. Indeed, microinfarcts seem to be associated with cognitive dysfunction and dementia. An explanation could be that microinfarcts themselves, because of neuronal loss, lead to intellectual decline. Disturbances in neuronal connectivity throughout the brain could also be the cause of cognitive dysfunction.
Because microinfarcts are correlated to vascular brain damage and dementia, detection of these lesions in vivo may have a high potential for future pathophysiological studies in vascular cognitive impairment. Detection in vivo would make it possible to investigate their evolution over time and their relationship with the development of cognitive impairment and dementia. Based on the neuropathological findings on microinfarcts, that is, their widespread appearance, differences in shape and the fact that they can appear as both gliotic and cystic lesions, it will be a challenge to recognize them on MR imaging. Nevertheless, with ultra-high field (7 T) MRI, we have already been able to visualize cortical hyperintense lesions, which may represent small ischemic lesions (Figure 3 ). To visualize microinfarcts on the brain MRI, one should focus on all brain regions, probably with particular attention for the watershed areas and cerebral cortex. Cystic microinfarcts would be hypointense on FLAIR (fluid-attenuated inversion recovery) images and hyperintense on T2-weighted images. The more gliotic lesions will result in a hyperintense signal on both T2-weighted and FLAIR images. With the current resolution that can be achieved by a 7-T MRI scanner, microinfarcts are expected to give focal signal intensity changes in only one or a few voxels. Therefore, typical characteristics that can be seen in a histological biopsy will be difficult to recognize. Furthermore, up to the present, an inflammatory response can only be visualized on the brain MRI in experimental studies (Rausch et al, 2001; Petry et al, 2007) . Future research should focus on radiologicalpathological correlates in human as well. Figure 3 Example of cortical ischemic lesions on magnetic resonance (MR) images obtained at 7 T. Fluid-attenuated inversion recovery (FLAIR) images from a 57-year-old woman with a history of atrial fibrillation who presented with aphasia and left-sided hemiparesis based on cortical ischemia in the right middle cerebral artery territory. Note the small cortical hyperintensities (arrows), which represent minute acute ischemic lesions.
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